The results of inductively coupled argon plasma (ICAP) chemical analyses carried out on some 300 core samples from Ocean Drilling Program Sites 834, 835, 838, and 839 are presented. These sites were drilled during Leg 135 in the Lau Basin.
INTRODUCTION
The Tonga Arc system is divisible into three morphotectonic elements (Karig, 1970; Malahoff et al., 1982) (Fig. 1A) . Extending from the Tonga Trench, these are the Tonga Ridge, constituting the forearc (Tonga Platform) and active arc (Tofua Arc); the Lau Basin, representing the actively spreading backarc basin; and the Lau Ridge, forming the remnant arc.
It has been shown that rifting of the Lau-Tonga Ridge and the formation of the Lau Basin was initiated approximately 6 Ma ago (Parson, Hawkins, Allan, et al., 1992) ; however, organized seafloor spreading began only within the last 1-2 m.y. The Western Lau Basin is characterized by a number of small, fault-bounded, north-trending, partly sedimented sub-basins. Sites 834 and 835 lie in sub-basins between 100 and 200 km east of the axis of the Lau Ridge, whereas Sites 838 and 839 lie in sub-basins much closer to the Eastern Lau Spreading Center (Fig. 1A) . The oldest known sediments in the Lau Basin (5.6 Ma old) occur at Site 834. Figure IB shows the sections analyzed and the stratigraphy.
Because of the lack of overlap between the stratigraphy at all sites, only two of the four available sites were chosen for the present analysis. Pliocene (Piacenzian) calcareous nannofossil Zone CN12 was cored continuously at Sites 834 and 835 where the Gauss paleomagnetic reversals Mammoth (3.15 Ma, 65 and 149 mbsf, respectively) and Kaena (3.01 Ma, 61 and 137.5 mbsf, respectively) , and the Gauss/Matuyama boundary (2.48 Ma, 46 and 95 mbsf, respectively) were also identified (Parson, Hawkins, Allan, et al., 1992) . The error on the isotopic dating of these chron boundaries is probably around ±0.1 m.y. (Harland et al, 1989) . Core recovery was 100% over this interval at both sites, and both the paleomagnetic data and biostratigraphy are well matched. We have, therefore, a very good chance at these sites of making a reasonable conversion between depth and geological time over this restricted interval. The depths involved are from 46 to 65 mbsf at Site 834, and from 95 to 149 mbsf at Site 835.
The aim of this work was to examine sediment cyclicity in a narrow Pliocene window at high resolution. Calculated average (com-pacted) sedimentation rates within the Piacenzian at the two sites (Table 1) (8 cm/k.y.) at Site 835, assuming that the magnetic reversal ages are accurate. The use of compacted rather than decompacted sedimentation rates is not of importance here because: (1) the porosity trend over the sections of interest are not significant; (2) decompaction algorithms for volcaniclastic sediments are not yet widely accepted and may introduce more errors; and (3) the spectral analyses are conducted in time, not depth, and the small differences in compaction between magnetic reversal tie points are insignificant.
The ability to identify sediment cyclicity of a given frequency in depth or time depends on the sample interval used. Worthington (1990) has discussed the relationship between wireline-log measurement sensitivity and resolving power for common logging tools. We have chosen to use the gamma log because of the sensitivity of the gamma tool to 40 K, the availability of potassium measurements from two independent sources for these holes, and the relationship between K-rich volcanic sands and K-poor nannofossil ooze that is potentially cyclic in nature. In choosing the gamma-log response, we have a tool with a 0.3-to 0.4-m sensitivity (minimum half-cycle length resolvable by the tool (Worthington, 1990, p. 126) . This implies that in the Piacenzian at Site 834 the gamma log could resolve periods of greater than 28 k.y. (2 × 400 m/28 m/m.y.), whereas at Site 835 the minimum resolvable period would be 10 k.y. (2 × 400 m/80 m/m.y.). The gamma response was evenly sampled at 0.1524 m (6 in.). Small variations caused by cable stretch may be expected but the cable tension on these runs did not indicate any serious variability.
The cores were sampled at irregular intervals, as shown in Figures 2 A and 2B. Ninety-five percent of the samples analyzed for potassium by Hodkinson (hereafter identified as the HK data set) have a sample interval of <1.8 m, with a median value of 0.33 m (Hole 834A) and 0.5 m (Hole 835A). Of the samples analyzed by B0e for 29 elements (hereafter identified as the ICAP data set), the median sample intervals were 0.7 m (Hole 834A) and 1.0 m (Hole 835A), with 95% of the intervals being under 2 m.
The raw Nyquist (minimum resolvable) wavelength using core samples would be between 1.4 and 4 m. Translating these depth intervals to time (using the average sedimentation rates) produced minimum resolvable periods of 50-143 k.y. at Site 834, and 18-50 k.y. at Site 835, given the age-to-depth assumptions discussed above. While the sampling intervals were too great to be useful for spectral analysis over the dated time interval, the chemical data has been invaluable in calculating the nonlinear sedimentation rates and are thus an integral part of the spectral analysis. 
LITHOSTRATIGRAPHY SUMMARY
The lithostratigraphy at Sites 834, 835, 838, and 839 has been described in Parson, Hawkins, Allan, et al. (1992) . We will give only a short summary of the lithostratigraphy of the two sequences studied in this project (Fig. IB) .
At Site 834 the sediments of Unit I (0^2 m below seafloor, or mbsf) consist of clayey nannofossil oozes with some interbeds of foraminifer sand and foraminifer ooze. Unit II (42-78 mbsf) consists of clayey nannofossil mixed sediments interbedded with volcanic sands and silts, whereas Unit III (78-112.5 mbsf) is made up of thick-bedded volcanic sands and silts interbedded with nannofossil clayey mixed sediments.
At Site 835, Unit I (0-130 mbsf) consists of clayey nannofossil oozes and mudclast conglomerates, with interbeds of foraminifer sand and volcanic silt. According to Rothwell et al. (this volume) , most of the unit is made up of debrites, rafted blocks, and thick turbidite muds with basal foraminifer sands. Only 33-34 m of the unit consists of pelagite. Unit II (130-155.5 mbsf) is composed of nannofossil clayey mixed sediments with interbeds of volcanic sand and volcanic silt.
The majority of the volcaniclastic deposits at Sites 834 and 835 are interpreted as turbidites, although thin pyroclastic fallout ash layers also occur.
All the recovered pelagic clayey nannofossil oozes at the backarc sites are stained a distinctive reddish brown color by hydrothermally derived, iron oxyhydroxides, suggesting that hydrothermal activity has been ongoing throughout the history of the Lau Basin.
INDUCTIVELY COUPLED ARGON PLASMA

ATOMIC EMISSION SPECTROSCOPY
Two different geochemical data sets were available. The ICAP data set consists of geochemical data from analyses of 278 samples of poorly consolidated pelagic and volcaniclastic sediments. These were analyzed for 29 elements (Table 2) by ICAP atomic emission spectroscopy. All the samples were prepared and analyzed according to a standard procedure (0degàrd, 1981, 1983) . Some of the samples were taken as physical properties (PP) samples. In the shipboard analyses these were heated to 110°C for 24 hr, but one assumes that this had little effect on the concentration of the elements analyzed. Some of the samples were ground in an agate mortar or in an agate Tema mill before preparing the sample according to the methods described below. All concentrations are based on dry sample weights.
The HK data set consists of potassium values from Hodkinson and Cronan (this volume). Many of the analyses within the two data sets are on parallel samples. The difference in chemical composition between these parallel samples is mainly a result of differences in the sample dissolution procedures. 
Sample Preparation and Analytical Method (ICAP)
The samples were homogenized in the plastic bags. Subsamples were then dried for 48 hr at 50°C and rehomogenized with a glass rod.
Elements were extracted according to the Norwegian Standard (NS 4770), in which 1 g of dried material is extracted in 20 mL 7N HNO 3 in sealed borosilicate bottles in an autoclave at 120°C for 30 min. After cooling the solutions were filtered through Selecta folding filters No. 595 and transferred to plastic bottles.
The elements were analyzed with an inductively coupled plasma simultaneous spectrometer (Jarrel Ash, Model 975 ICAP AtomComp) with a pneumatic Jarrel Ash cross-flow nebulizer. Constant liquid flow was obtained by a peristaltic pump. All gas flows were controlled by electronic mass flow controllers for maximum stability.
The RF generator was a Plasma Term HFP 2000 D with crystal controlled frequency (27.12 MHz). The supplied effect was 1.1 kW, and the sample uptake was 1.2 mL/min. The analytical lines used for the various elements are given in Table 2 .
The present sediment samples proved to contain large amounts of Ca, and, to bring the matrix element concentration in the final analysis solutions down to an acceptable level, it was necessary to dilute the extracts 1:9 with water before the standard 1:4 dilution with internal reference element solution. This gives a dilution factor of 1000, which is a factor of 10 higher than that used by the standard procedure for geological materials. Detection limits are, as a result of this, a factor of 10 higher than by normal procedures (Table 2) .
Yttrium, in a concentration of 16 µM/mL, was used as a reference element for all elements, except the alkalis Na, K, and Li. Synthetically prepared standards were used to calibrate the instrument, and background correction was used for most of the trace elements. The analytical results are given in Tables 3-6 .
Sample Preparation and Analytical Method (HK)
All samples were air dried at room temperature over silica gel and finely ground in agate vessels. Subsequent bulk chemical analyses were performed by inductively coupled plasma atomic emission spectroscopy (ICAPAES) after total digestion with a mixture of nitric, perchloric, and hydrofluoric acids and subsequent leaching with IM Table 3 . Average bulk composition in percentage of sediment samples from Holes 834A in the Lau Basin (ICAP data set). HC1 (Thompson and Walsh, 1989) . Accuracy was checked with the use of certified international reference materials, along with in-house reference materials. No systematic errors were observed, and accuracy was better than 5% for elements studied. Analytical precision was checked with the use of duplicate samples and was found to be better than 3% relative for the elements studied. The analytical results and a detailed description of the analytical method are given in Hodkinson and Cronan (this volume).
The results of both sets of analyses are presented in Figure 3 . It should be noted that the three-acid attack used on the HK data set will dissolve all the sediment, including detrital volcanic material and volcanic glass, feldspar, and so forth. The HN0 3 attack will not dissolve these resistant detrital phases and thus any potassium associated with such phases will not be taken into solution. This may lead to bias between the two data sets, particularly where K-rich volcaniclastic material predominates. This is borne out by a comparison of the statistics of the two data sets. The HK data set values are on average 0.2% higher than the ICAP data, with more extreme high values (the maximum value is twice that of the ICAP data set).
PETROPHYSICAL DATA
The background to the wireline-logging runs at Sites 834 and 835 are given in Parson, Hawkins, Allan, et al. (1992) .
In Hole 834B the total gamma response (SGR) from the geochemical logging suite was recorded in open hole throughout the section of interest and these data have been used in this investigation. Pipe base was at 44 mbsf during this run and logging speed was 183 m/hr (600 ft/hr).
In Hole 835B the pipe base was at 50 mbsf and the SGR from the "seismo-strat" tool was recorded openhole over the section of interest. Logging speed was greater in this hole (274 m/hr [900 ft/hr]) which reduces the resolution of the tool somewhat. However, because of the increased sedimentation rate at this site, the logging speed effect is not considered critical.
Environmental corrections were conducted for hole size and borehole fluid (seawater). The corrections affect peak amplitudes rather than peak locations and thus have minimal effect on the Walsh analyses. Fourier analysis, which is influenced by amplitude changes, will be affected by correction in a rugose hole. The Walsh analyses are however affected by the fact that after detrending there is often low amplitude noise close to zero. This noise will produce high frequency artifacts on recoding to +1 and -1 as can be seen in Figure 7 . One possible way around this would be to include a low-pass filter before recoding. The poor match between Walsh spectra from Holes 834B and 835B may be a result of this phenomena.
CYCLICITY ANALYSIS
The spectral analysis of time-series data from geological sections and boreholes has been discussed by many people. Good discussions are to be found in Schwarzacher (1975 Schwarzacher ( , 1987 , Smith (1989) , and Weedon (1989 Weedon ( , 1991 . Weedon (1991) discusses both sequency (Walsh) and frequency (Fourier) analyses. Arecent discussion of cyclicity in deep marine systems is to be found in Golovchenko et al. (1992) .
The programs used for the analysis were adapted from Graham Weedon's Fortran programs, Weedon (1991) . These programs are well documented and easily adapted for different circumstances. The actual Walsh and Fourier generation routines were adapted from programs published by Kanasewich (1981) and Davis (1973) .
The procedure for sequency and frequency analyses will be discussed below.
All three data series (SGR, ICAP, and HK) were converted from depth to geological time, assuming both (1) a linear depth-time relationship between magnetic reversal depths in the two holes, and (2) a nonlinear depth-time relationship based on K:Ca ratios. The common procedure of conducting the analysis in depth and then converting the spectra to time implicitly assumes equal sedimentation rates throughout the section (for pre-Pliocene data); on the other hand, by converting explicitly before the spectral analysis, a change in average sedimentation rate at 3.01 Ma (Kaena reversal) can be incorporated without any difficulty. Converting before analysis also enables resampling to be conducted in time, giving equal-time sampled sections. An apparent inverse relationship between calcium and potassium is present at both sites (Fig. 4) . This suggests that one may be able to adjust the sedimentation rate as a function of potassium/calcium ratio by assuming that a low background sedimentation rate as recorded by the calcium nannofossil ooze is increased as the potassium content increases (because of volcanic sand input to the system). This possibility was examined by normalizing the potassium and calcium values to a proportion of the total in each well. The resulting value "K/(K + Ca)" varies from zero to unity and may be taken as indicating relative sedimentation rate. Figure 5 shows how this relative sedimentation rate relates to the calcium content for both wells and how the sedimentation rates compare between wells. To convert the estimated relative sedimentation rate to an absolute value requires knowledge of the total time and depth windows obtained from paleomagnetic reversal ages and depths. The conversion involves the solution of N simultaneous equations where N is the number of K and Ca values measured from ICAP analysis over the interval in question. The equation set is as follows:
. U π _! -C n _ ,.*" = 0 where t t is the time interval for the ith depth interval from the top of the section and T is the total time interval from paleomagnetic and/or isotope analyses. The coefficients C, are derived from where X n is the nth depth interval counting from top down, and r n is the potassium to potassium plus calcium ratio as discussed above.
This equation set can be easily solved to yield a variable sedimentation rate throughout the section. In cases where the underlying pelagic sedimentation is not calcic then the elements involved in the ratio can be suitably modified. The variable stretching effect of using this modified sedimentation rate equation on the two sections is shown in Figure 6 as is the improved correlation of the potassium values in the two wells. Note especially the feature at 2.84 Ma.
The original data sequence (evenly sampled in the case of gammalog data, unevenly sampled in the case of core data) was resampled using linear inteΦolation at a sample interval that yielded a 2" number of samples. The resampling at 1.3 k.y. gave 512 samples over a 666 k.y. time interval for all three data sets. If this sample interval is converted to depth, it results in an average sample interval of 3.6 cm for Hole 834A and 10.5 cm for Hole 835A. In both these cases, the resample interval is less than the original sample interval and no information has been lost.
Frequency Analysis
Practical problems associated with using discrete fast Fourier transforms have been discussed by many people (Davis, 1973; Weedon, 1991; Priestley, 1981) . The principal problems are concerned with sample frequency, number, and regularity, shaΦ ends to the sequence, and stationarity. The processing sequence was designed to minimize most of these effects.
A best-fit polynomial up to order 4 was first identified over the interval of interest. The sequence was detrended using this best-fit polynomial. This was considered more appropriate than a linear detrend. The long period cycles that are removed by this process could not be significantly resolved within this time/depth window.
The detrended data were standardized to yield a mean of zero and a variance of unity. The data were then resampled to give 512 (2 9 ) samples. The resampling was achieved by linear inteΦolation. Both polynomial and "sine" inteΦolations function well with low variance and equally spaced original data sequences such as wireline-log data. With high variance, irregularly spaced chemical analysis data, however, both "sine" and 3rd-order polynomial inteΦ°l a tions produced geologically unrealistic series. This is not saying, of course, that a linear inteΦolation yields a more realistic series; it is more an explicit statement of lack of knowledge about the true inteΦ°l a tion function. Ten percent of the data at each end were tapered using a cosine taper (Weedon, 1991) . The series was wrapped around (last data-point to first data-point) before tapering and a mid-point chosen such that the zero-end of the taper coincided with the least active part of the data window.
Sequency Analyses
Data preparation before conducting a Walsh transform is somewhat different. Because the amplitudes are not important in a Walsh transform, the data were recoded to +1 and -1 according to the following steps. The data were first detrended as for Fourier analysis. The detrended data were standardized to give a mean of zero and a variance of unity. The standardized sequence was then recoded by assigning +1 to all values over or equal to zero, and -1 to all other values.
Examples of original gamma data and the converted data before frequency and sequency analyses are shown in Figure 7 .
RESULTS
The small number of ICAP data points in the interval of interest (57 in the case of Site 835, and 23 in the case of Site 834) means that neither frequency or sequency analyses produced significant results over the dated interval.
In the case of the wireline log data, although the regular sample intervals were adequate for the identification of cyclicity down to 10 k.y. (Site 835) and 28 k.y. (Site 834), no significant peaks were identified that could be unambiguously related to sediment cyclicity rather than aliasing and colored noise (Weedon, 1991) . Further work will be necessary to evaluate the significance of the spectral results.
As could be expected, there is a difference between the spectra obtained using the linearly inteΦolated ages, and those based on the potassium/calcium ratio ages. In Figure 8 an apparent concentration of energy is seen in both wells between 25 and 30 k.y., 40-50 k.y., and 60-90 k.y. if we assume an average sedimentation rate over the time interval selected. If we assume that the relative potassium concentration reflects the sedimentation rate, then the two holes are still well correlated but the energy concentration has shifted to between 35 and 60 k.y.
DISCUSSION
Apart from presenting chemical analyses of cores that will provide a useful comparison with the geochemical logging data (Pratson et al. this volume) we have also shown how the core or cuttings geochemistry may have a role, together with paleomagnetic and isotope data, in suggesting possible objective stretching functions for converting depth to geological time. The improved correlation between Sites 834 and 835 that result from such a stretching function, particularly over the interval from 2.84 to 2.48 Ma suggests that, over this interval at least, similar events were influencing both sites even though the volumes of sediment were different. This similarity of process is demonstrated by the spectral match between the two sites shown in Figure 8 . Although the concentration of energy between 30 and 60 k.y. is very similar at both sites, we have not considered the presence of hiatuses in the sections and have no other, independent evidence that sediment has been removed by submarine erosion. We feel that it would be unwise to draw conclusions from these data concerning the sedimentation periodicities involved in this part of the Lau Basin without further evidence for continuity of the section.
While we have demonstrated similarities between the Fourier spectra from the two sections there is still uncertainty as to its cause. Are we looking at several interfering sedimentary cycles, or different scales of events such as seismically promoted slumping or volcanic eruption frequency? Indeed, what is a cycle? One definition of a cycle would be an ordered passage through several states in sequence, the sequence being repeated through time. An on-off switch has only two states, with no intermediate positions. Can a series of on-off pulses be considered a cyclic sequence? A lighthouse with a single beam that pulses at a given frequency can be compared to a turbidite sequence that is switched on and off in response to earthquake tremors, with larger flows associated with larger earthquakes at longer intervals of time, or volcanic eruptions of varying size and quiescent periods. A spectral analysis of the lighthouse beam would give us the frequency/sequency of the signal without distinguishing between a true underlying sine/cosine function (for example, a Milankovitch forcing cycle) or a lighthouse keeper with a nervous disposition. In this sense the distinction between events and cycles becomes blurred. In a backarc basin the sedimentation may be expected to be dominated by tectonically driven pulses, and Walsh spectra may be expected to provide a more coherent picture of the event sequency. In the present case, however, the Fourier spectra give a clearer correlation. This seems likely to be caused by the relation between pelagic sedimentation and the turbidite pulses, giving a multistate cycle that consists of internal turbidite bundle structure and variations in pelagic mineralogy. The prevalence of debris flows at Site 835 during the period from 2.9 to 2.1 Ma (Rothwell et al., this volume), compared to the prevalence of hemipelagics at Site 834 during the same interval, will be reflected in the spectra only if the frequency of the causal mechanism is different (provided we work on a time rather than depth basis). Provided the hemipelagic sedimentation rate is similar at both sites, the thin turbidites at Site 834 and the thick debris flows at Site 835 can be expected to give similar spectra on a time base derived from sedimentation rates that vary as a function of Lithology. This may explain the reasonable agreement in Fourier spectra for the two wells, Hole 834B and the improved correlation based on the variable sedimentation rate even though the two sites have been subjected to different sedimentation histories.
However, a significant difference exists between sites over the lower part of the section, from 3.15 to 2.84 Ma. The correlation is not improved by using the objective stretching function. This either supports the hypothesis discussed by Rothwell et al. (this volume) that the lower part of Site 835 represents a single debris-flow deposit, or suggests that the K:Ca ratio method of adjusting sedimentation rates is not applicable in this section.
On the other hand, it may be that the spectra are telling us that the debris flow period is, in reality, limited to the lower section from 3.15 to 2.84 Ma, and the younger section is in fact either dominated by hemipelagics at both sites, or both sites are subject to the same turbidite/debris flow influences.
At both sites the total gamma response (SGR) shows good agreement with both the ICAP and HK potassium core data, indicating that the influence of thorium and uranium is limited. Figure 8. The resulting smoothed frequency and sequency spectra for Holes 834B and 835B. The spectra are derived from Fourier and Walsh analyses of the depth-to-time converted sections. A. Fourier power spectra for Holes 834B and 835B, assuming a linear (average) sedimentation rate at each site. B. Walsh power spectra for Holes 834B and 835B, assuming a linear (average) sedimentation rate at each site. C. Fourier power spectra for Holes 834B and 835B, assuming a nonlinear sedimentation rate at each site. D. Walsh power spectra for Holes 834B and 835B, assuming a nonlinear sedimentation rate at each site.
